Introduction
The El Niño-Southern Oscillation (ENSO) exerts a powerful influence on precipitation around the world (Ropelewski and Halpert, 1987 , 1996 ; Kiladis and Diaz, 1989;  than normal. The opposite phase of ENSO, La Niña, tends to cause an opposite-signed precipitation anomaly pattern and, when it extends for years in a row, is responsible for the serious multiyear droughts that afflict southwestern North America (Schubert et al., 2004a (Schubert et al., , 2004b Seager et al., 2005b Seager et al., , 2008a Herweijer et al., 2006; Cook et al., 2007; Seager, 2007) . ENSO-related precipitation anomalies over the Pacific and North America are often thought to be related to changes in the Pacific storm track with, during El Niño, a more southward-displaced and eastward-extended storm track and jet stream over the eastern Pacific (Hoerling and Ting, 1994; Trenberth and Hurrell, 1994; Straus and Shukla, 1997; Zhang and Held, 1999; Compo and Sardeshmukh, 2004; Orlanski, 2005; Chang, 2006; Eichler and Higgins, 2006) that brings storms into the southwest. Consistently, Seager et al. (2005a) used reanalysis data to show that during El Niño winters the subtropical jets in both hemispheres and patterns of low-level eddy meridional velocity variance and upper-level eddy momentum flux are all displaced equatorward.
Those results are suggestive of ENSO being able to orchestrate a rearrangement of the atmospheric eddy and mean flows. Both Straus and Shukla (1997) and Orlanski (2005) argue that the southward-displaced and eastwardextended storm track over the eastern Pacific during El Niños arises from increased baroclinic instability in that region that follows from the direct response of the atmospheric temperature and circulation to the central and eastern tropical Pacific heating anomalies (Trenberth et al., 1998) . Orlanski (2005) and Shapiro et al. (2001) also argued for the possible importance of differences in nonlinear wave breaking during the different phases of the ENSO cycle. These authors recognize that these changes will in turn alter the mean flow and have a subsequent impact on wave propagation. Focusing more closely on paths of wave propagation, Seager et al. (2003 Seager et al. ( , 2005a argued for the following explanation: during an El Niño, tropical tropospheric warming increases the temperature gradient at around 15-20
• of latitude and, to maintain thermal wind balance, the subtropical jet strengthens here equatorward of its climatological maximum. Over the east and central Pacific Ocean the strengthening and equatorward shift of the jet is augmented by the Gill (1980) type response to anomalous convective heating over the anomalously warm waters of the central and eastern equatorial Pacific Ocean. The Gill response to heating has upper-level anticyclones straddling the Equator with anomalous westerlies on their poleward flanks, but again equatorward of the climatological jet at those longitudes. The altered upper-level mean flow in the Subtropics impacts the propagation of transient eddies so that during El Niño they propagate further equatorward into the tropical upper troposphere, creating a positive anomaly of poleward eddy momentum flux there and a negative anomaly immediately poleward. Since, in the zonal mean, the convergence of the eddy momentum flux is balanced by the Coriolis torque operating on the mean meridional flow, this requires equatorward flow at upper levels into the Tropics, forcing ascent in the midlatitudes. The eddyforced ascent, it is argued, causes tropospheric cooling and increased precipitation in midlatitudes during El Niños as observed. The same line of reasoning explains midlatitude drought during La Niña events. Seager et al. (2003) used National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis data to make the case for the above means of tropical forcing of the mean circulation, and then reproduced the basics using a linear quasi-geostrophic model of transient eddy propagation. However, much remains to be done to prove that this mechanism of tropical modulation of midlatitude eddies (TMME) operates in the real atmosphere and is of relevance to ENSOforced precipitation anomalies. In particular, subtropical and midlatitude winter precipitation tends to occur in synoptic storms and, while the prior work demonstrated links between ENSO and time-averaged transient eddy statistics, it needs to be shown that the paths of transient eddies-midlatitude storms-are appreciably different during El Niño and La Niña. Further, the arguments advanced in the earlier studies imply a clear causality from tropical sea-surface temperature (SST) anomalies to changes in the tropical and subtropical mean flow to changes in eddy propagation and, finally, to changes in the eddy-driven mean flow. It is not possible to determine such cause and effect in observations, since the atmosphere is in quasi-equilibrium with the underlying slowly evolving SST anomalies, but it could potentially be demonstrated in controlled model experiments.
Here we attempt to fill in these gaps by studying the ENSO dependence of the propagation of synoptic eddies across the Pacific Ocean. We will do this using daily observations from the NCEP-NCAR reanalysis and daily data from short controlled integrations of a general circulation model (GCM). This work builds heavily on the work identifying propagating features developed by Chang and Yu (1999) and is also influenced by the analysis of the influence of the mean flow on wave propagation developed by Hoskins and Karoly (1981) , Karoly (1983) and Hoskins and Ambrizzi (1993) . The work also echoes prior work using storm-track models to examine the ENSO influence on the northern midlatitude storm tracks (Zhang and Held, 1999; Chang, 2006) . We extend this prior work using the following approaches.
• Examining how ENSO-forced variations in the mean flow influence the paths of eddy propagation and the amplitude of wave packets as diagnosed from 59 years of reanalysis data. This will show that the timeaveraged changes in eddy statistics identified in prior work can be explained in terms of changes in eddy propagation paths.
• Examining whether the observed changes can be reproduced in a GCM forced only by changes in tropical Pacific SSTs.
• Determining whether these changes in the Pacific storm track can be reproduced in storm-track models when the basic state is imposed but changes in seeding and moist processes are ignored.
• Using basic states from differing time periods of a GCM forced by an instantaneous turn-on of tropical Pacific SST anomalies to determine whether changes in wave propagation can be discerned at times when tropical heating anomalies have forced mean-flow changes but before eddies strongly influence the mean flow.
It will be argued that ENSO-forced changes in the mean flow create different preferred routes-or waveguides-for transient eddy propagation that contribute to the southward shift and eastward extension of the storm track during El Niños. Increased generation of eddies in the central and east Pacific, or changes in storm-track seeding, may also be important, but the current work suggests that wave refraction is fundamental to ENSO-related changes in the North Pacific storm track.
While this work improves our diagnostic understanding of ENSO forcing of wave-mean-flow interaction in the Subtropics and midlatitudes, it only begins to address causality. In a follow-up article (Harnik et al., 2010) we will develop a causal account of tropical forcing of the mean flow, the impact on eddies and the subsequent feedback into the mean flow that constitutes a theory for the TMME mechanism.
Data and models
The observational analysis uses daily data from the NCEP-NCAR reanalysis (Kistler et al., 2001) Statistical significance of the differences between El Niño and La Niña winters is assessed using a two-sided Student's t-test and statistics for all the winters within the reanalysis from 1949/50-2007/8. On the subsequent plots, where significance is shown, light shading indicates significance at the 95% level and dark shading significance at the 99% level. The large-scale patterns of all the observed anomalies shown here are significant at at least the 95% level.
To determine that the identified circulation anomalies and transient eddy statistic anomalies during ENSO winters are indeed forced by tropical Pacific SSTs, we turn to 100 member ensembles of 100 day integrations with an atmospheric GCM, the NCAR Community Climate Model 3 (CCM3) (Kiehl et al., 1998) . Each ensemble member begins on December 1 and runs for 100 days. Two 100 member ensembles are generated. The first has an El Niño SST anomaly immediately turned on on December 1 and held fixed for the subsequent 100 days. The anomaly stretches from 20 • S-20 • N. The El Niño SST anomaly is the regression pattern of the tropical Pacific SSTs for December-February on the NINO3.4 SST index corresponding to a +1 standard deviation of the index. This is the El Niño ensemble. The 'La Niña' ensemble has a La Niña SST anomaly, equal and opposite to the El Niño pattern, imposed on December 1 and held fixed for the next 100 days.
† We use 100 † This means that the SST patterns used for the GCM experiments are not exactly the same as those associated with the observed El Niño minus La Niña differences. However, while this difference arose serendipitously because the model runs were completed (without the current analysis in mind) before the observational analysis was performed, it does allow a useful check on the nonlinearity of the atmosphere response to ENSO SST anomalies. The observational analyses contain any impact of a nonlinearity between El Niño and La Niña SST anomalies but the model results assume these are equal and opposite to each other. That the model simulations do, to first order, reproduce the observed changes in eddy statistics implies that the SST anomaly nonlinearity is not crucial to the problem at hand. different December 1 initial conditions generated from other runs of the model. The first ensemble members of the El Niño and La Niña ensembles start from the same initial condition, the second ensemble members of the ensembles start from a second, different, initial condition and so on. This means that over the time period of atmospheric predictability-about 10 days -the ensembles will differ primarily only by the imposition of different SSTs. Hence averaging across the 100 member ensemble isolates the day-to-day evolution of the transient and mean circulation in response to the imposed SST anomalies. After loss of atmospheric predictability, a 100 member ensemble is not large enough to isolate the forced response at the daily time-scale, but by time-averaging it is clearly visible again. To examine wave propagation, we use the daily data from each individual ensemble member. The evolution of the simulations is examined further in Harnik et al. (2010) .
Observational analysis of ENSO-related variability of transient eddy propagation in the Pacific-North America sector

ENSO-related changes in time-averaged eddy statistics
The problem to be solved is concisely presented in Figures 1, 2 and 3. Figure 1 shows the 300 mb zonal wind for El Niño winters, La Niña winters and the difference. In El Niño winters a more zonal jet extends further east to southern North America. This amounts to a southwardshifted and eastward-extended jet stream compared with La Niña winters. Figure 2 shows maps of the transient eddy momentum flux u v , where u and v are high-pass-filtered zonal and meridional velocities and the overbar denotes a low-pass filter. A fourth-order Butterworth filter with a 10 day cut-off is used to isolate variability with time-scales of less than 10 days. The low-pass-filtered data plus the high-pass-filtered data are equal to the original field. Figure  3 shows a corresponding map for v 2 . Figure 2 shows that during El Niño winters the region of positive values of u v moves southward over the central and eastern North Pacific, while the more northward region of negative values extends further east over the North Pacific and intensifies over the North Atlantic region. The maps of v 2 ( Figure 3) show a similar pattern, with the region of maximum values shifted south during El Niño winters. The continuity and zonality of the storm track from the Pacific to the Atlantic across southern North America is clearly evident in Figure 3 . These patterns are consistent with an interpretation in terms of an equatorward shift of the storm track during El Niño and its extension eastward from the central Pacific into southern North America. It is evident that this is closely related to the canonical El Niño precipitation anomaly, with wetter than normal conditions across the southern United States and Mexico and drier than normal across the northern United States and Canada (Seager et al., 2005a) . The question to be answered here is why this shift of the storm track occurs.
Analysis of ENSO-related changes in transient eddy propagation across the North Pacific Ocean
Next we back up our argument for a shift in the storm track by analyzing changes in the patterns of transient eddy propagation. Chang and Yu (1999) developed an elegant means to determine preferred paths of transient eddy and wave-packet propagation, phase speeds and wave coherence. Their work concerned the climatological state and here we simply extend it to the El Niño and La Niña composites. The Chang and Yu methodology begins with one-point correlation maps as shown in Figure 4 . The value of v at the 300 mb level and at a chosen point in the centre of the Pacific storm track (30
• N, 180
• E) is correlated with v everywhere else at lags of −2, −1, 0, 1 and 2 days and for the El Niño and La Niña composite winters separately. Looking first at zero lag, the one-point correlation map clearly shows a wave of zonal wave number 6 or 7 extending upstream and downstream from the central point. At negative lags the wave train is centred to the west and at positive lags to the east, indicating eastward propagation as expected. The location of maximum correlation also moves east with time confirming the appearance to the eye of a wave packet that propagates eastward. The wave packet moves considerably faster eastward than the individual peaks and troughs-the phase speed. This illustrates downstream development of the disturbances (Chang and Yu, 1999) . These simple one-point correlation maps already suggest a difference between the El Niño case (left column) and the La Niña case (right column). The El Niño case shows propagation in a near-zonal direction from the central Pacific with, at lags 1 and 2, waves appearing over southern North America and moving across to the Gulf of Mexico and into the Atlantic sector. In contrast, during La Niña, at lags 1 and 2 there is more of a tendency of a split in the wave propagation with some energy moving into the Pacific Northwest region and some moving southeastward into the eastern tropical Pacific Ocean region and, relative to El Niño, less propagation into southern North America.
Using wave coherence indices to quantify changes in preferred paths of eddy propagation
The results from one-point correlation maps are of limited use because they depend to a large extent on the choice of base point. However, the information from all one-point correlation maps that use all the possible base points on the globe can be combined into an index at each point of wave coherence (the wave coherence index (WCI): Chang and Yu, 1999) which can be plotted.
The WCI is computed as follows. For each base point, the amplitude of the correlation at the nearest upstream centre at lag −2 and the amplitude at the nearest downstream centre at lag +2 are found and averaged together. The searching algorithim looks for the centres closest to the base point that are negatively correlated with the base point. The algorithim searches in both latitude and longitude to capture the arching nature of propagation seen in Figure  4 . The average amplitude thus computed is the WCI at that base point. The procedure is repeated for all base points to provide maps of WCI. Regions of large WCI are places where waves -here identified in terms of phase propagation-propagate in a coherent manner. Results are shown in Figure 5 .
In both El Niño and La Niña winters, the WCI is strongest in the Asian subtropical jet region and weakens eastward across the Pacific Ocean. For the El Niño winters the maximum of the WCI extends eastward across the Pacific-North America sector. In contrast, during the La Niña winters the WCI maximum extends northeastward towards the Pacific Northwest and western Canada. In addition there is another maximum of WCI that extends southeastward from the main storm track towards the eastern equatorial Pacific, which is stronger and further west in La Niña winters than in El Niño winters. These results are consistent with the impressions left by the single one-point correlation maps shown in Figure 4 . However, by using all base points, the WCI results more clearly show the difference in preferred paths of transient eddy propagation across the North Pacific-North America region between El Niño and La Niña winters. For El Niño winters relatively more zonal phase propagation brings disturbances into southern North America. For La Niña winters there is a more northward propagation path that brings disturbances into the Pacific Northwest. Also, the southern route where disturbances 'leak' into the Tropics before reaching North America is stronger for La Niña winters. Despite these apparent changes, it should be noted that the changes in WCI are only about 10% of the mean values.
ENSO-related changes in the propagation of wave packets
The propagation of wave packets indicates the preferred paths of wave energy, which should be related to the precipitation associated with synoptic eddies. To track the propagation of wave packets, we follow Chang and Yu (1999) and assume that v can be described in the form
where k is a typical zonal wave number of transient eddies and A(x, t) is an envelope function of the wave packet that varies slowly in space. We assume that A has the form
where A R (x, t) is purely real. Hence
The 2kx in the second term ensures that that term has much smaller zonal spatial scales than the first term. Hence, after spatial smoothing to retain only low-wave-number contributions,
To accomplish the low pass that allows (6), we choose a k, Fourier transform v (x, t)e −ikx and retain only zonal wave numbers 0-6. This determines A(x, t) given v . The method used explicitly addresses only zonal variations and is used at all latitudes to derive an A(x, t) at all longitudes and latitudes with daily resolution. Zonal wave number 7 was used but, consistent with Chang and Yu, the results were not very different when we used wave numbers 6 or 8. Once A is known, one-point time-lagged correlation maps of |A| can be made and the zonal and meridional packet propagations calculated by tracking the movement of the centres of the correlation. Figure 6 shows the highpass-filtered v and the |A| calculated from it for two 6 day periods, one during the El Niño winter of 1997/98 and one during the La Niña winter of 1998/99. The waves are obvious in the v field and the envelope function |A| tracks the paths of wave energy in both the latitudinal and longitudinal directions. As expected from downstream development, |A| propagates eastward faster than the individual features of v . The years in Figure 6 are representative in showing the more southward wave energy path during an El Niño winter.
The direction and speed and amplitude, |A|, of wavepacket propagation averaged over all El Niño and La Niña winters is shown in Figure 7 . During El Niño (Figure 7 , bottom). The southward shift of wave packets is also mirrored in the amplitude anomalies (contours in Figure 7 ).
Adjustment of SST Anomalies
El 
ENSO-related changes in transient eddy propagation in idealized SST-forced GCM experiments
The above diagnostic work describes 'ENSO-related' changes in transient eddy propagation. Even if we accept ENSO as the ultimate cause, it remains to be shown whether the tropical SSTs alone are responsible or whether midlatitude air-sea interaction in the storm-track region or even further poleward is also involved. To determine this, we turn to models in which the ocean influence on the atmospheric circulation can be carefully controlled. Two 100 member ensembles of 100 day integrations were forced by canonical El Niño and La Niña winter SSTs in the tropical Pacific Ocean, with climatological SSTs imposed everywhere else in all cases. We focus on the near-statistical steady-state solution achieved during days 61-100 of the model simulations. Since the model runs begin on December 1, this is primarily a February response. Figure 8 shows modelled u v and v 2 , computed using the same high-pass filter that was applied to the reanalysis. The patterns and magnitudes are clearly similar to those observed (Figures 2 and 3) .
The wave coherence index (WCI) is computed from days 61-100 of each of the ensemble members, beginning with the same one-point correlation analysis as was used for the observations. As for the observations, we also computed wave-packet propagation directions, speeds and amplitudes from the v data. Results are plotted in Figure 9 . The model WCIs for cases of El Niño and La Niña forcing are quite similar to those observed (not shown) and the difference clearly shows the zonally oriented wave propagation route for El Niño and the relatively north-south split route for La Niña. (Note that the values in the observational plot were multiplied by 100 for plotting purposes.) These model results are backed up by the model wave-packet propagation, which again shows the more zonal and southward propagation route of wave energy over the east Pacific and North America for El Niño, together with increased wave-packet amplitude in the same region (contours in Figure 9 ).
The similarity of the modelled and observed variability of transient eddy propagation in the Pacific-North America sector makes an important point: since only the tropical Pacific SSTs are specified, the modelled, and by implication the observed, changes in eddy propagation are forced from the tropical Pacific SST anomalies and do not require the involvement of air-sea interaction outside the tropical Pacific.
Diagnosis of the transient eddy response to ENSOrelated mean-flow variations using an idealized GCM
The conclusion above means that the adjustment of the mean and transient atmospheric circulation to ENSO SST anomalies should be understandable in terms of (1) SST forcing of a mean-flow anomaly, (2) a transient eddy response to that and (3) a subsequent transient eddy forcing of the mean flow. To make the first step, we use an idealized GCM, the time-dependent primitive equation model with R30 horizontal resolution and 14 sigma-coordinate vertical layers linearized about a prescribed three-dimensional basic state described in Ting and Yu (1998) . In this study, we use a weaker biharmonic diffusion of 1 × 10 16 m 4 s −1 and a Rayleigh friction time-scale of 35 days in the free atmosphere, gradually increasing to 1 day at the lowest model layer in order to allow transients and baroclinic instability. The model was linearized about the La Niña and El Niño basic states deduced from the NCEP-NCAR reanalyses through compositing, as described for the observational analysis. Only dry dynamics are included.
Our goal is to examine the impact of the imposed basic states on the propagation of transient eddies. We force the model with heating perturbations over the Asian region only (60-140 • E, 10-40 • N) that are random in time and space. The vertically coherent heating perturbations have a mid-tropospheric peak and tail off to zero at the surface and the top of the model. The spatially uncorrelated heating field is then smoothed with a 1-2-1 filter applied twice in each direction to impose some horizontal correlation. This forcing excites a succession of baroclinic, transient eddies that propagate eastward across the Pacific Ocean. Branstator (1995) and Zhang and Held (1999) used a similar approach, but with global forcing, to generate a storm track in a linearized GCM, and the latter article showed that it reproduced the observed storm-track anomaly for one El Niño winter.
Here we use Ting and Yu's (1998) nonlinear version of the model in which the wave-wave interaction terms are retained even though the model contains a specified basic state. Nonlinear processes in the model effectively control eddy growth (even though, since the modelled storm track is weaker than observed, the wave-wave interaction terms are weaker than observed). With the low damping used, even with random forcing over the Asia region alone the model creates a near-circumglobal storm track. However, the amplitude of the modelled storm track is sensitive to the values of forcing and damping imposed and consequently we do not expect the storm-track amplitudes to match those in observations or in the GCM. The model should also not be too closely compared with globally forced models such as that of Zhang and Held (1999) . Our purpose in forcing the model over the Asian region alone is to isolate as much as possible the process of refraction as storms generated over Asia propagate eastward across the Pacific towards North America. Hence we restrict ourselves below to a comparison of the spatial patterns, rather than amplitudes, of the stormtrack anomalies in the Pacific North America sector. Results are shown for the average over a 10 member ensemble.
Results from the nonlinear storm-track model with observed basic states
For the nonlinear storm-track model, with imposed basic states taken from the NCEP reanalysis, the high-pass-filtered u v and v 2 at 300 mb for the El Niño and La Niña basic states are shown in Figures 11 and 12 . A Pacific storm track is generated with, for v 2 , a maximum over the central and eastern Pacific, which extends across the Atlantic (where it is too far south) before weakening over the European and Asian continents. Since the model is only forced over Asia, greater similarity with the observed storm track is not necessarily expected. The modelled storm tracks are distinctly different for the two basic states. Figure 10 shows snapshots of the high-pass-filtered v at 5 day intervals towards the end of two of the simulations. Amidst considerable day-today variability, for the El Niño basic state eddies tend to Figure 2 . Similarly the pattern of v 2 shows the southwardshifted stormtrack for the El Niño basic states, similar to the observed ENSO-related anomalies shown in Figure 3 .
The patterns of changes in the eddy statistics over the Pacific-North America sector were qualitatively similar in a linear version of the model. This suggests that the spatial pattern is controlled by linear processes but that nonlinear processes are important to control eddy growth and improve the realism of the storm track away from the region of forcing. The reasonably realistic results of the storm-track models indicate that the ENSO-related changes in the storm track in the Pacific-North America sector can be at least partially understood in terms of the impact that changes in the mean flow have on the propagation and growth of transient eddies governed by linear, dry, dynamics. Orlanski (2005) suggested that the more southwardand eastward-extended storm track in El Niño winters is partially caused by regeneration of transient eddies in the central Pacific as they encounter the enhanced baroclinicity caused by the tropical tropospheric warming associated with the warm equatorial SST anomaly and enhanced deep convective heating over the central and eastern tropical Pacific Ocean. This mechanism is potentially contained in the linear and nonlinear models, since the specified flow fields contain the changes in baroclinicity. Thus the changes in eddy paths in the models can arise from either changes in wave refraction and/or changes in eddy regeneration as the eddies move across the Pacific Ocean.
To check the relative importance of refraction and eddy regeneration we computed the baroclinic energy conversion as given by ᾱ/θ ∂θ/∂p −1 v θ · ∇θ (Chang et al., 2002) , whereᾱ is the inverse of the mean density, θ is potential temperature, primes denote high-pass-filtered values and bars denote the specified mean-state fields. The energy conversion for NCEP climatology, El Niño minus La Niña NCEP winters and the El Niño minus La Niña difference from the nonlinear storm-track model, all integrated from 850-300 mb, are shown in Figure 13 . The climatological patterns have maximum values over the western and central North Pacific and Atlantic Oceans, much as in Chang et al. (2002) . The observed difference shows enhanced energy conversion east of Japan during El Niño winters. This seems to be a response to enhanced horizontal temperature gradients there associated with warming over regions of Asia to the southwest and cooling over the ocean to the northwest, a pattern driven by the stationary wave response to tropical SST anomalies. This increased energy conversion east of Japan is reproduced in the storm-track model (albeit with a weaker amplitude as expected given the weaker storm track). Despite the observed and modelled storm track being more equatorward in El Niño winters, there is no evidence of enhanced energy conversion on the poleward flanks of the tropical warming in the eastern central Pacific. Instead, away from the region east of Japan the changes in energy conversion appear to follow the change in storm-track path, i.e. to track v θ rather than tracking changes in the mean state. This suggests that the changes in the eddy propagation paths are caused by wave refraction and that where the eddies go they extract energy.
Results from the nonlinear storm-track model with basic states imposed from the transient adjustment simulations
The problem with a calculation as just performed with the storm-track model is that the basic states that were imposed already have the impacts of eddies within them. To look more at the issue of causality, we return to the ensembles of GCM simulations of the 100 day adjustment of the circulation to an instantaneous insertion of ENSO SST anomalies. Early in these simulations, the mean-flow anomalies are primarily driven by the anomalies in tropical heating and it is only after a week or two that the transient eddies begin to respond and, subsequently after that, to impact the mean flow (Harnik et al., 2010) . By running the storm-track model with basic states from different times within the 100 day GCM simulations, we can examine how transient eddy propagation and the eddy fluxes evolve after the initial turn-on of an ENSO SST anomaly. In order to see more clearly the signal of the changes in the storm track between the different time periods, including the early ones when the mean-flow anomaly is relatively small, the ensemble size was increased to 200. Figure 14 shows the u v and v 2 anomalies from the storm-track model using basic states from the El Niño and (Hoskins and Karoly, 1981) . Consequently, the strengthening over the 100 days of the eddy covariance anomaly patterns in the storm-track model, which is accompanied by a strengthening of the mean-flow anomaly patterns (not shown), is suggestive of a positive eddy-mean-flow feedback. This recalls the idea of Branstator (1995) that on longer than synoptic time-scales it will be those flow anomalies that excite a positive feedback between waves and the mean flow that will persist. However, the eddy response is not simply a positive feedback but also incites an evolution over time of the mean and transient circulation (Harnik et al., 2010) . The refraction argument for changes in paths of transient eddy propagation is outlined in some detail in Seager et al. (2003) . Briefly, eddies tend to propagate towards regions of high wave number. This was shown analytically for waves of non-zero frequency propagating in the latitude height domain by Karoly and Hoskins (1982) and from numerical calculations in Seager et al. (2003) . The eddy wave number is influenced by the mean flow. During El Niños the tropically forced positive zonal mean-flow anomaly, acting alone, would tend to lower the wave number. However the anomalous flow also creates an anomalous positive meridional potential vorticity gradient in the subtropical upper troposphere that acts to increase the wave number locally. In combination, this creates an equatorward gradient of anomalous wave number between the Subtropics and the midlatitudes that causes eddies to be refracted equatorward (Karoly and Hoskins, 1982; Hoskins and Ambrizzi, 1993; Seager et al., 2003) .
Conclusions
We have examined the influence that ENSO exerts on the mean and transient atmospheric circulation in the Pacific-North America sector using daily reanalysis data, idealized GCM experiments and simulations with a stormtrack model. The goal has been to explain observed changes in the latitude of the Pacific storm track at the western edge of North America, since it is presumed that this helps to explain ENSO-related precipitation anomalies. For example, during El Niño winters the Pacific jet and storm track are southwarddisplaced and eastward-extended and, correspondingly, the southwestern United States, Mexico and the southern United States are wetter than normal while regions to the north are drier than normal. Roughly the opposite situation prevails during La Niña events and, when the La Niñas persist for years, causes the devastating multiyear droughts that trouble southwestern North America. We reach the following conclusions.
• Daily reanalysis data support the concept of a southward-displaced and eastward-extended Pacific storm track during El Niño winters. One-point correlation analysis of upper tropospheric high-passfiltered meridional velocity supports the idea of a more zonal storm track in El Niño winters and a more split track in La Niña winters, with a dominant northeast-trending path.
• Extending the analysis of Chang and Yu (1999) , one-point correlation maps were used to compute indices of wave coherence and the speed, direction and amplitude of wave-packet propagation separately for El Niño and La Niña winters. These confirm that El Niño winters feature anomalously strong propagation of transient eddies directly eastward into southwestern North America. In La Niña winters, eastward of the central Pacific there is an anomalously strong path of propagation northeastward towards the Pacific Northwest and an anomalously strong leak of wave energy southeastward towards the equatorial east Pacific.
• These ENSO-related changes in transient eddy propagation in the Pacific-North America sector can be reproduced in 100 day integrations of a GCM subject to an instantaneous turn-on of an El Niño or La Niña SST anomaly on December 1. Since the GCM has climatological SSTs outside the tropical Pacific, the modelled changes in eddy propagation are a response to tropical forcing and do not involve extratropical air-sea interaction.
• To elucidate the mechanisms whereby the Tropics modulate midlatitude eddies (TMME), we use simulations with a nonlinear storm-track model with specified, observed, El Niño and La Niña basic states. The model is run in a time-marching manner and forced by random (in space and time) heating perturbations over Asia that trigger baroclinic instability. The storm-track model is run for 100 days for the El Niño and La Niña basic states. Over the Pacific, the difference between these matches the observed eastward-extended and southwardshifted storm track during El Niño winters and the anomalously strong paths towards the Pacific Northwest and the eastern equatorial Pacific during La Niña winters.
• The results of the models with specified basic states, in so far as they reproduce the observed phenomena, are suggestive of the causes of the changes in the Pacific storm track. Changes in upstream seeding and atmospheric moisture are, for example, ignored in these simulations. Computation of the baroclinic energy conversion in observations and the stormtrack model also suggests that eddy regeneration over the central Pacific (driven by the tropical Pacific warm SST anomaly and warm tropical troposphere during El Niño winters) need not be invoked as a cause (although there is greater baroclinic conversion east of Japan during El Niño winters). This leaves wave refraction as a plausible hypothesis: eddies leaving Asia propagate east through different basic states for El Niño and La Niña winters. The strong subtropical westerly anomalies, equatorward of the climatological jet, during El Niño winters acts as a waveguide that steers eddies into southwestern North America.
• The importance of wave refraction is also suggested by simulations with the storm-track model that use basic states taken from different periods in the transient adjustment simulations with the GCM. The basic pattern of storm-track anomalies is simulated by the storm-track model even when a basic state is imposed that is from a time period in the GCM simulations before eddies significantly modify the mean flow. The storm-track anomalies are stronger when basic states from later periods of the GCM simulations are imposed, suggestive of a positive eddy-mean-flow interaction (Branstator, 1995) .
These results remain largely diagnostic. We have not examined the impact that the eddies will have on the mean flow and how the mean and transient flow evolve together. Certainly the direct, Gill-type, response to ENSO SST anomalies will create subtropical westerly wind anomalies that will cause the changes in wave refraction and propagation paths identified here. One question is how the resulting eddy momentum and heat flux anomalies modify the direct, tropically forced, mean-flow anomalies. Further, while we have emphasized the possibility of explaining observed changes in terms of wave refraction, it is also quite likely that changes in seeding, baroclinic energy conversion and wave breaking also play a role (Orlanski, 2005; Shapiro et al., 2001) in establishing the mean and transient circulation response to ENSO. In a follow-up article (Harnik et al., 2010) we will make more use of the large ensembles of seasonal GCM simulations subject to turn-ons of ENSO SST anomalies, together with a simple quasi-geostrophic model of transient eddies, to determine the exact sequence of cause and effect in the adjustment of the mean and transient atmospheric circulation. There it will be shown that a cooperative interaction between the mean flow, wave refraction and eddy fluxes, on a time-scale of weeks to months, leads to the establishment, intensification and evolution of the circulation response and its transmission to higher latitudes.
